Taste neophobia refers to a reduction in consumption of a novel taste relative to when it is familiar. To gain more understanding of the neural basis of this phenomenon, the current study examined whether a novel taste (0.5% saccharin) supports a different pattern of c-Fos expression than the same taste when it is familiar. Results revealed that the taste of the novel saccharin solution evoked more Fos immunoreactivity than the familiar taste of saccharin in the basolateral region of the amygdala, central nucleus of the amygdala, gustatory portion of the thalamus, and the gustatory insular cortex. No such differential expression was found in the other examined areas, including the bed nucleus of stria terminalis, medial amygdala, and medial parabrachial nucleus. The present results are discussed with respect to a forebrain taste neophobia system.
is consumed until an asymptote of intake is achieved for this now familiar and safe stimulus. It should be noted that the intake of some aqueous stimuli might never reach the level of water intake. Such stimuli are considered non-preferred.
Given the survival value of taste neophobia, research has examined the neural circuits mediating the phenomenon. In an early study, Nachman and Ashe (1974) found that electrolytic lesions of the basolateral region of the amygdala (BLA) attenuated the neophobic reaction to a novel 0.25% saccharin solution. The additional finding that these same BLA-lesioned (BLAX) rats also showed lower intake of the familiar saccharin at asymptote than neurologically intact animals compromised accurate determination of the nature of the deficit. Did these non-selective BLA lesions disrupt the perception of taste danger/novelty or did they change the perceived intensity/quality of the taste stimulus? More recently, Lin, Roman, St. Andre and Reilly (2009) found that excitotoxic lesions of the BLA lesions attenuated taste neophobia without influencing the level of intake at asymptote of the now familiar 0.5% saccharin solution. In addition, these investigators found a similar deficit in animals with excitotoxic lesions of either the medial amygdala (MeA) or the insular cortex (IC). Importantly, none of these lesions affected the neophobic reaction to an aqueous odor or an aqueous trigeminal stimulus. This pattern of results indicates that the three brain areas (BLA, MeA and IC) play a critical role in the perception of, or responsivity to, novel and potentially dangerous taste stimuli.
To obtain a more comprehensive understanding of the neural circuit underlying taste neophobia, we need to determine if other brain structures contribute to this particular innate avoidance behavior. To pursue this issue, the current experiment examined which brain areas are activated by a novel taste using Fos-like immunoreactivity. As an immediate-early gene, c-Fos is expressed during neural activation (Morgan & Curran, 1991) . Therefore, c-Fos has been wildly used to investigate the neural substrates of various behavioral phenomena, such as spatial learning (Gill, Bernstein & Mizumori, 2007) , conditioned place preference (Honsberger & Leri, 2008) , olfactory learning (Solov'eva, Lagutina, Antonova & Anokhin, 2007) . Unsurprisingly, c-Fos also has also been used to explore the brain areas that are involved in taste-related learning such as CTA. For example, c-Fos has been utilized to explore the brain areas activated by an intraorally infused taste before CTA conditioning (e.g., Houpt, Philopena, Wessel, Joh & Smith 1994; Yamamoto, Sako, Sakai & Iwafune 1997) , by the lithium chloride US (see Gu, Gonzalez, Chin & Deutsch 1993; St. Andre, Albanos & Reilly, 2007) , and by the taste CS after CTA conditioning (Swank & Bernstein, 1994; Swank, Schafe & Bernstein 1995; Koh & Bernstein, 2005) . Following the rationale of these studies, we expect that if a brain area is involved in the neophobic reaction to a novel and potentially dangerous taste stimulus then that area should show significantly more c-Fos expression as revealed by immunostaining conducted after ingestion of a novel taste relative to the same taste when, following repeated exposures, it has become familiar and safe.
In additions to the areas already implicated in taste neophobia (BLA, MeA and IC), we examined the medial parabrachial nucleus (mPBN) and three forebrain areas to which the mPBN relays ascending taste information: the gustatory region of the thalamus (GT), the central nucleus of the amygdala (CNA) and the bed nucleus of the stria terminalis (BNST). To afford comparability with our previous work , we used the same 15-min voluntary intake design. Earlier work using c-Fos to examine the neural substrates of neophobia (e.g., Houpt et al., 1994; Yamamoto et al., 1997) infused the taste stimuli directly into the mouth, an approach that may not be ideal for the assessment of a voluntary avoidance behavior. Furthermore, CTA acquisition following intraorally infused CSs is known to engage a somewhat different neural substrate than CSs which are voluntarily consumed (Fresquet, Angst & Sandner, 2004; Schafe, Thiele & Bernstein, 1998; ; for a review see Reilly, 2009) and, as shown by Wilkins and Bernstein (2006) , each CS delivery method causes a different pattern of c-Fos expression. Accordingly, the present experiment investigated c-Fos expression in the BLA, BNST, CNA, GT, IC, MeA and mPBN in rats voluntarily drinking a novel taste or, after repeated exposures, the same taste when familiar.
Results

Behavioral
Group Novel was given access to a novel 0.5% saccharin solution whereas the rats in Group Familiar were given five 15-min exposure trials to 0.5% saccharin prior to the final limitedintake test trial. Table 1 shows the average saccharin intake on each trial for the Novel and Familiar groups. As shown in the table, both groups of rats consumed about 5 ml on their first exposure to the novel and potentially dangerous saccharin solution. As the trials continued for group Familiar, saccharin intake gradually increased (i.e., habituation of neophobia occurred) and reached asymptote at about 17 ml. A one-way ANOVA, conducted on data from rats in group Familiar (Trials 1 -5), found a significant main effect of trial, F(4,20) = 25.55, p < .001. Post hoc comparisons (Fisher LSD test) further revealed that intake on Trial 1 was significantly lower than on Trials 2 -5 (p < .05) and that there was no significant intake differences on Trials 3 -5 (p > .05), indicating asymptotic level of consumption for the now familiar and safe saccharin solution.
Immunohistology
For the groups that consumed a novel or a familiar 0.5% saccharin solution, Fig. 1 shows the number of c-Fos positive nuclei in the seven brain regions that were examined. Separate independent t-tests were conducted on the data obtained from each brain area to determine which structures participate in the neophobic reaction to a novel taste stimulus. Significant effects of group were found for the BLA, t(10) = 2.94, p < .05, CNA, t(10) = 1.91, p < .05; GT, t(10) = 2.86, p < .05, and IC, t(10) = 2.00, p < .05. That is, the BLA, CNA, GT and IC each exhibited increased c-Fos expression following consumption of novel saccharin relative to familiar saccharin. No effect of group was obtained in the BNST, t(10) = 1.80, p = .051; MeA, t(10) = 0.71, p > .05; or mPBN, t(10) = 1.41, p > .05. Fig. 2 shows representative photomicrographs of the c-Fos expression in each of the target nuclei consequent to ingestion of a novel or familiar saccharin solution.
Discussion
Significant taste novelty-dependent elevations in c-Fos expression emerged in four nuclei: the BLA, CNA, GT and IC. However, no such difference was found in the other three target structures (viz.: BNST, MeA and mPBN). Interpretation of this pattern of results will be discussed by brain region, beginning with those regions that showed positive results.
The increased activation in the BLA and IC following a novel taste stimulus provides further support for the view that these two structures contribute to the expression of taste neophobia, which has previously been indicated on the basis of lesion Gutiérrez, Téllez, & Bermúdez-Rattoni, 2003) manipulations. Moreover, the finding that lesions of either structure also disrupt the acquisition of CTAs to a novel but not a familiar taste CS (e.g., Aggleton, Petrides, & Iversen, 1981; Shimai & Hoshishima, 1982; provides converging lines of evidence that the BLA and IC each have roles in the perception of, or responsivity to, taste novelty. It is surprising, then, that Koh, Wilkins & Bernstein (2003; Experiment 1) , using a design that was highly similar to that of the present experiment, did not find an elevation of c-Fos expression in the BLA consequent to voluntary consumption of a novel taste solution. Although we have no ready explanation for this null result, it is noted that the overall levels of c-Fos expression in the Koh et al. study were substantially lower than in the present study which encourages the speculation that floor effects might have tended to obscure detection of group differences.
The present c-Fos data indicate that the GT has a significant role in the taste neophobia system. This conclusion is consistent with the earlier finding that GT-lesioned (GTX) rats drank significantly more of the taste CS on the first preexposure trial of a latent inhibition experiment than non-lesioned control subjects (Reilly, Bornovalova, Dengler & Trifunovic, 2003) . However, this GT lesion-induced taste neophobia deficit had no influence on the subsequent acquisition of a lithium chloride-induced CTA to either a novel or a familiar CS (Reilly et al., 2003) . Indeed, there are numerous reports of normal CTA acquisition in GTX rats (Flynn, Grill, Schulkin, & Norgren, 1991; Grigson, Lyuboslavsky, & Tanase, 2000; Mungarndee, Lundy, & Norgren, 2006; Reilly & Pritchard, 1996; Scalera, Grigson, & Norgren, 1997) . Thus, for the BLA, IC and GT, the c-Fos data are consistent with the lesion data that shows elevated intake of a novel taste on initial encounter. However, whereas lesions of the BLA or IC delay CTA acquisition, rats with GT lesions show normal CTA acquisition. This pattern of results suggests that the GT has a different function in the taste neophobia system than either the BLA or IC.
Elevated c-Fos expression in the CNA following consumption of novel saccharin was unexpected because previous work found that rats with lesions of the CNA showed normal taste neophobia, normal CTA acquisition to a novel taste CS and normal CTA acquisition to a familiar taste CS (St. Andre & . The finding of taste novelty induced c-Fos expression in the CNA might be considered a false positive except Koh et al. (2003) reported a similar result. Thus, it is not immediately obvious how to reconcile the inconsistent findings from c-Fos immunoreactivity and lesion experiments.
The finding that the BNST and mPBN did not yield significant changes in c-Fos expression consequent to the consumption of a novel taste stimulus requires little comment. The null result for the BNST is consistent with other findings that show that lesions of the structure cause neither over-consumption on initial encounter with a taste CS nor influence the acquisition of CTAs to a novel taste (Roman, Nebieridze, Sastre, & Reilly, 2006; YaOmamoto & Fujimoto, 1991) . On the other hand, although lesions of the mPBN abolish CTA acquisition (DiLorenzo 1988; Grigson, Reilly, Shimura & Norgren, 1998; Scalera, Spector & Norgren, 1995; Spector, Norgren, & Grill, 1992; Reilly, Grigson, & Norgren, 1993; Trifunovic & Reilly, 2002) , it is widely accepted that this deficit reflects a failure of associative learning such that the taste CS is not linked with the aversive US (for reviews see Reilly, 1999 Reilly, , 2009 ). Thus, it was not surprising that null results were obtained from the mPBN in the present experiment.
Relative to the null results for the BNST and mPBN, it was, however, surprising that there were no changes in c-Fos expression in the MeA following consumption of a novel taste. This result was unexpected because rats with excitotoxic lesions of the MeA have a known taste neophobia deficit . Moreover, the deficit induced by MeA lesions was specific to taste; the rats showed normal neophobic reactions to a novel aqueous odor stimulus as well as a novel aqueous trigeminal stimulus . At first glance, then, the c-Fos and lesions data provide conflicting views of the involvement of the MeA in taste neophobia. It may, however, be possible to reconcile these seemingly disparate sets of findings. One of the recognized constraints of the c-Fos technique is that it can only be used to detect excitatory activity; inhibitory neural activity cannot be distinguished from background or baseline activity (Kovacs, 2008; Stark, Davies, Williams, & Luckman, 2006) . Perhaps, then, the absence of novelty-dependent c-Fos expression in the MeA simply reflects an inhibitory role for the subnucleus in taste neophobia. Admittedly speculative, this hypothesis can readily be tested by recording neuronal activity in the MeA during ingestion of a novel taste solution using in vivo techniques such as microdialysis or electrophysiology.
In summary, converging lines of evidence implicate four structures (BLA, GT, IC and MeA) and possibly a fifth (the CNA) in detection and/or responsivity to a novel and potentially dangerous taste stimulus when it is first encountered and consumed. However, it would appear that none of these structures function in an identical manner since there is no evidence of behavioral compensation when one of these areas is lesioned. That lesions of each area cause a behavioral deficit suggests that each area has a different, albeit interdependent, function in the taste neophobia system. Further research, using a variety of techniques and methods (including c-Fos, asymmetric permanent lesions, temporary inactivation, and other types of pharmacological manipulations), will seek to determine with more specificity the nature of the function(s) performed by each structure as well as how these functions are orchestrated into the seamless but multifaceted neophobic reactions that are triggered by an unknown taste stimulus.
Methods
Animals
Twelve naïve male Sprague-Dawley rats (Charles River Laboratories) weighing ∼300 g served as subjects. On arrival in the laboratory the animals were individually housed in stainless steel hanging cages in a temperature controlled room (21° C) on a 12:12 h lightdark cycle (lights on at 0700 hours). Rats were given ad libitum food and water until the experiment started when, as described below, water access was restricted. All rats were treated in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (1986) and the University of Illinois at Chicago Institutional Animal Care and Use Committee approved the experimental protocols.
Procedure
Behavioral testing occurred in the home cages. To afford comparability with our previous research on neophobia and taste aversion learning, all rats in the present experiment were acclimated to our standard deprivation schedule: 15-min access to water each day. When fluid consumption stabilized (∼7 days), subjects were matched for water intake and separated into two groups: Novel (n = 6) and Familiar (n = 6). All taste trials were 15-min in duration. On Trial 1, all rats received access to 0.5% saccharin from a calibrated bottle that was attached to the front of the home cage. The rats in the Novel group were perfused 90 min later. Animals in the Familiar group continued to receive saccharin every third day until asymptote was reached on Trial 5; 15-min water access was provided on the intervening days. On Trial 6, saccharin intake was capped at 5 ml (to match to amount of saccharin consumed by the Novel group on Trial 1) and these rats were perfused 90 min later.
Histology
Rats were anesthetized using sodium pentobarbital and perfused trans-cardially with phosphate-buffered saline followed by formalin. Brains were removed and stored in formalin followed by 30% sucrose at 4°C. Subsequently, the brains were sliced at 60 μm using a cryostat and immunoassayed for c-Fos expression. All the brain samples were processed in one immunoassay to ensure consistency of c-Fos staining across subjects
Immunohistology
The c-Fos protocol was identical to that employed by . Briefly, slices were pre-treated for 20 min with 0.3% H 2 O 2 , rinsed, and then transferred to a solution of 3% normal goat serum and 0.5% Triton X-100 for 30 min. The tissue was then refrigerated for 48 h in a bath containing the c-Fos antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The sections were rinsed and incubated in a secondary antibody (biotinylated goat antirabbit IgG; Vector Laboratories, Burlingame, CA) for 2 h. Both antibody solutions were mixed in a solution of 1% normal goat serum, 0.5% Triton X-100, and phosphate-buffered saline. The tissue was then rinsed, processed with ABC (Vector Laboratories, Burlingame, CA), rinsed again, and visualized using a 3,3′-diaminobenzidine (DAB; Vector Laboratories, Burlingame, CA). Following this last step, the sections were rinsed, mounted on gelatinsubbed slides, rehydrated with ethanol and xylenes, and cover-slipped. Photographs were taken of the BLA, BNST, CNA, GT, IC, MeA, and mPBN in each brain. Four individuals served as raters, who counted the number of c-Fos expressing cells in the areas of interest in each image. The scores by each person were significantly positively correlated with each other, rs > .80; ps < .001, and therefore were averaged for the subsequent analyses.
Research Highlights
We examined c-Fos expression in the central gustatory system after either novel or familiar saccharin was consumed.
Relative to a familiar one, a novel taste induced higher levels of c-Fos expression in the basolateral amygdala, central nucleus of amygdala, gustatory thalamus, and gustatory insular cortex
The potentiated c-Fos expression induced by novel tastes was not found in the other examined areas, including the medial parabrachial nucleus, bed nucleus of stria terminalis, medial amygdala. Mean numbers of nuclei positive for c-Fos (±SE) in the medial parabrachial nucleus (mPBN), central nucleus of the amygdala (CNA), basolateral region of the amygdala (BLA), medial amygdala (MeA), bed nucleus of the stria terminalis (BNST), gustatory thalamus (GT), and insular cortex (IC) following consumption of a novel or familiar 0.5% saccharin solution. * Significant at p < 0.05. Representative digital photomicrographs of c-Fos activity in the medial parabrachial nucleus (MPBN), central nucleus of the amygdala (CNA), basolateral amygdala (BLA), medial amygdala (MeA), bed nucleus of stria terminalis (BNST), gustatory thalamus (GT), and insular cortex (IC). Relative to a familiar taste (right panels), a novel taste (left panels) induced higher level of c-Fos expressions only in the BLA and GT. Abbreviations: acp, posterior portion of the anterior commissure; CPu, caudate putamen; Den, dorsal endopiriform nucleus; fr, fasciculus retroflexus; ic, internal capsule; LPBN, lateral parabrachial nucleus; opt, optic tract; rf, rhinal fissure; scp, superior cerebella peduncle; STL, lateral division of the bed nucleus of the stria terminalis; STM, medial division of the bed nucleus of the stria terminalis. Table 1 Mean (±SE) 0.5% saccharin intake (ml) of rats in the Novel and Familiar groups across all trials of the experiment. Notes: Intake was capped at 5.00 ml on Trail 6.
*
Significantly different from Trial 1 at p < .05.
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